INTRODUCTION
The bile canalicular membrane of the mammalian hepatocyte contains several primary active transporters which couple ATP hydrolysis to the transport of specific substrates into the bile canaliculus (1) (2) (3) (4) . These transporters are members of the superfamily of ATP-binding cassette (ABC) membrane transport proteins (5) and currently include p-glycoprotein (MDR1) for organic cations (6), MDR2 for phosphatidylcholine translocation (7, 8) , sister of p-glycoprotein (SPGP), the canalicular bile salt export pump (BSEP) (9) , and MRP2 for non bile acid organic anions (10) .
Recent studies indicate that the amount of each ABC-transporter in the canalicular membrane is regulated by the physiological demand to secrete bile acids. Intravenous administration to rats of dibutyryl-cAMP (Bu 2 cAMP) or taurocholate (TC) rapidly and selectively increased the functional activity and amount of each ABC-transporter in the canalicular membrane; these effects were inhibited by prior administration of colchicine, which disrupts microtubules (11) , and Wortmannin, which inhibits PI3-kinase (12) . These observations indicate that an intracellular microtubule dependent transport mechanism, which is sensitive to active PI3-kinase, is required for trafficking of ABC-transporters to the canalicular membrane. ATP-dependent transport activity of SPGP and MRP2 within the bile canalicular membrane requires active PI3-kinase and is regulated by 3'-phosphorinositide products of PI3-kinase (13) .
ABC-transporters are essential for biliary secretion in mammalian liver and their amounts and activities in the canalicular membrane are tightly regulated.
Inherited defects in SPGP and MRP2 proteins result in familial intrahepatic cholestasis for recent review see (14) . Therefore, defects in trafficking and regulation of ABC-transporters may result in insufficient amounts or activity of ABC-transporters in the bile canalicular membrane; the consequences of which are impaired bile secretion and cholestasis (15) . The increase in the content of ABC-transporters in the canalicular membrane following administration of Bu 2 cAMP or TC in vivo (11) and in isolated perfused rat liver (12, 13) occurred within minutes after administration of the effectors. These observations suggest that the increment in canalicular ABC transporters is likely to represent recruitment from pre-existing intrahepatic pools rather than from enhanced transcription or translation. Furthermore, the simultaneous administration of Bu 2 cAMP and TC resulted in additive rather than alternative effects (11) . These observations suggest that Bu 2 cAMP and TC recruit ABC transporters to the canalicular membrane from different intrahepatic pools. Moreover, investigations of Golgi-to-bile canaliculus pathways of newly synthesized ABC-transporters (16, 17) also suggest that SPGP, in particular, is sequestered in intrahepatic pools before reaching the bile canalicular plasma membrane. The present report concerns biochemical identification and characterization of these intrahepatic ABC transporter pools and identification of possible mechanisms by which ABC transporters are made available to the canalicular membrane. Expre   35   S   35 S protein label was supplied by NEN Life Science Products. All other chemicals were of highest purity available and were purchased from Sigma.
EXPERIMENTAL PROCEDURES Materials
Monoclonal antibody C219 (anti-MDR1/MDR2) was from Centocor (Malvern, PA).
Polyclonal anti-SPGP antibody LVT90 was developed in our laboratory (15) .
Polyclonal anti-cCAM105 antibody was a gift from S. H. Lin (Houston, TX).
Anibodies against Rab-proteins were from Santa Cruz Biotechnology.
Miscellenious Methods
Young adult male Sprague-Dawley rats (300-350 g) kept on a standard diet were used for preparation of liver subcellular fractions. In some experiments, by guest on September 16, 2017 http://www.jbc.org/
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Intrahepatic pools of ABC transporters -Kipp, Pichetshote & Arias -6-rats were pretreated by intravenous injection with Bu 2 cAMP (20µmol/kg) or TC (50 µmol/kg) dissolved in 1 ml PBS for the indicated time periods. In control experiments, rats received 1 ml PBS. Further experimental details are stated in the figure legends. Preparation and characteristics of rat liver canalicular membrane vesicles (CMV), sinusoidal/basolateral membrane vesicles (SMV) and Golgi membranes were described previously (16, 18, 19) . A combined endosomal fraction (CEF) from rat liver was prepared using the protocol of Khan et al. (20) ( Figure 1 ). We demonstrated earlier that monoclonal C219 antibody is specific for rat MDR1 and MDR2, and that polyclonal LVT90 antibody is specific for SPGP (16 3D ). These experiments demonstrate that additional ABC transporters in the bile canalicular membrane after stimulation with Bu 2 cAMP or TC do not result from enhanced translation but from a redistribution between intrahepatic ABC transporter pools and the bile canalicular membrane.
Half-lives of canalicular ABC-transporters
Where do the canalicular ABC transporters go after peak stimulation by Assuming first order decay, cCAM105 had an apparent half-life of 5 days as measured in homogenates and CMVs, which corresponds to an earlier published report (26) . A 5 day half-life was also determined for MDR1 and MDR2
in CMVs. For SPGP, a half-life of 4 days was measured from CMVs and 6 days from homogenate. It is not clear why the apparent half-lives differ when determined from the two preparations. However, it has been observed before that the apparent half-lives of hepatic proteins are shorter when determined from plasma membranes as compared to results in homogenates (26) .
The half-lives of several hepatocyte plasma membrane proteins are presented in Table1 and were obtained from metabolic studies using radiolabeled amino acids. Except for nucleotide pyrophosphatase (NPPase) and the polymeric IgA receptor (pIgA-R), which have short half-lives, all other hepatic plasma membrane proteins previously investigated have half-lives of 2 to 9 days.
The short half-life of the pIgA-R is accounted for by extensive loss into the bile (26) . Since it is difficult to prevent long-term label reincorporation in vivo (26, 29) , the data probably represent upper limits. Similar to other hepatic plasma membrane proteins ( Trafficking of ABC transporters from intrahepatic sites to the bile canalicular membrane is physiologic and results from increased need to secrete bile. Therefore, we postulate that canalicular ABC transporters cycle between the apical membrane and intrahepatic sites prior to undergoing degradation.
Large amounts of SPGP reside in intracellular pools
A combined endosomal fraction (CEF) from rat liver was prepared (20) to investigate the dynamics and steady state levels of SPGP in intrahepatic pools.
CEF, prepared by centrifugation of a microsomal fraction of rat liver on a discontinous sucrose gradient, are highly enriched in endosomal markers Rab5
(early endosomes) and Rab11 (apical recycling endosomes) (32) as compared with homogenates and CMV and SMV plasma membrane subfractions (Fig. 5) .
In a recent paper (16), we described trafficking of newly synthesized SPGP by investigating the kinetics of [ (Fig. 6) . (Fig. 8) .
As demonstrated before, treatment of rats with bypass the intracellular pools on their journey to the bile canaliculus (16, 17) .
However, at steady state levels, MDR1 and MDR2 are also mobilized to the bile canalicular membrane by Bu 2 cAMP and TC indicating that these ABCtransporters also equilibrate with intrahepatic pools after reaching the bile canalicular membrane.
Using metabolic pulse-chase [ into the plasma membrane of rat adipocytes (40) . In each of these examples, recruitment of transporters to the plasma membrane from a recycling endosome has been suggested. In particular, trafficking of GLUT4 in rat adipocytes has parallels to that of ABC transporter trafficking in rat hepatocytes. GLUT4 traffics from distinct intracellular sites to the plasma membrane in response to cAMP and insulin (40) . In analogy to these other systems, we propose that cAMP recruits ABC transporters to the bile canalicular membrane from a recycling endosome, whereas the effect of TC appears to be hepatocyte-specific and involves a different mechanism.
The present study demonstrates that a substantial portion of canalicular ABC transporters resides in intracellular pools in hepatocytes and that the transporters can be transiently recruited from different intrahepatic pools to the bile canalicular membrane in response to cAMP and TC. Since ABC transporters are critical for bile formation, the present studies prompt revision of current concepts of bile secretion, and raises a question with regard to the mechanism.
Do intrahepatic pools of ABC transporters supply additional transporters to the bile canaliculus only to cope with temporaly higher metabolic demand to secrete anti-Rab11 (recycling endosomes) antibody immunostaining (43) . This project is presently being pursued in our laboratory. by guest on September 16, 2017 
